• AML blasts express both activating and inhibitory NKRLs at diagnosis.
Introduction
Natural killer (NK) cells are innate lymphoid cells with cytolytic and cytokine-secreting functions and have an important role in cancer immunoediting, including against acute myeloid leukemia (AML). 1, 2 The ability of NK cells to eliminate AML has been demonstrated in vitro and also through clinical observations in haploidentical allogeneic hematopoietic stem cell transplantation (alloHSCT), where the presence of killer immunoglobulin receptor (KIR) ligand mismatch in the graft-versus-host direction confers enhanced protection against AML relapse. [3] [4] [5] [6] NK cell activity is modulated by a number of germ-line encoded inhibitory and activating receptors. The interaction between HLA class I molecules on target cells and KIR or the lectin heterodimer CD94/natural killer group 2 member A delivers an inhibitory signal to NK cells, and the corollary of this is observed where the lack of HLA class I expression (ie, "missing self") on tumor cells allows NK cells to detect and kill malignant transformed cells. 7 In addition to this primary NK and target cell interaction, engagement of the NK cell receptors, including NKG2D, NKp30, NKp44, and NKp46, with ligands on target cells promotes NK cell activation. 8 Furthermore, a single ligand can bind different receptors with opposite immunological functions, as in the case of CD155 and its receptors CD226 (which promotes an activating signaling) and TIGIT or CD96 (that conversely act as inhibitory receptors). As a result, the final balance among inhibitory and activating signals delivered by multiple ligand/receptor interactions determines the eventual posture of the NK cell response to one of target cell elimination or tolerance. 9 Several studies have demonstrated that host-intrinsic NK-cell responsiveness contributes to prognosis in patients with AML. High frequency of circulating NK cells, 10 NK cell cytolytic activity, and NK cell interferon-g secretion potency have been described to correlate with a favorable outcome, 11 whereas functional defects in NK cells have been associated with failure to achieve remission, disease progression, and short survival duration. [12] [13] [14] In addition to host-intrinsic determinants of NK cell reactivity, the expression of NK cell receptor ligands (NKRLs) by AML blasts may influence NK cell-mediated immune surveillance and therefore prognosis. Expression of NKG2D receptor ligands by AML blasts enhances NK cell recognition and cytolysis in vitro. 3 However, a detailed analysis of the prognostic impact of NKRL expression by AML, and the combinatorial effect of simultaneous expression of inhibitory and activating ligands on AML blasts, has not been well described. The aim of this work was to investigate the impact of the differential expression of activating and inhibitory NKRLs by AML blasts on clinical outcome in newly diagnosed patients undergoing induction chemotherapy. We hypothesized that patients with blasts expressing NKRLs that facilitated NK cell activation (namely with a low-inhibitory and high-activating ligand expression pattern) would have improved immune surveillance and reduced disease relapse.
Methods

Bone marrow samples
Cryopreserved bone marrow aspirate samples from 66 patients with AML were obtained from the Australasian Leukemia and Lymphoma Group tissue bank. Prior to sample collection, written informed consent had been provided by patients for future research use. All patients underwent induction chemotherapy with curative intent. Patients with acute promyelocytic leukemia and those receiving palliative chemotherapy only were excluded from the cohort. Deidentified clinical data, including diagnostic information, cytogenetics, treatment outcome, and survival, were also provided by the Australasian Leukemia and Lymphoma Group. The experimental plan was approved by the institutional human research ethics committee.
Mutation status
Patients were stratified by mutation status using European Leukemia Net criteria (ELN). 15 Sequence analysis of targeted regions within 26 genes involved in myeloid malignancies was performed in duplicate using Access Array methodology (Fluidigm) to prepare amplicon-based, indexed libraries that were sequenced to a depth of ;1000 reads per amplicon on a MiSeq instrument using v2 chemistry (Illumina). Alignment, variant calling, and annotation were performed using an in-house amplicon pipeline. Variants were evaluated using multiple functional and quality filters to identify likely pathogenic variants. FLT3-ITDs and the ASXL1 NM_015338.5:c.1934dup;p.Gly646Trpfs*12 were assessed using capillary electrophoresis.
Mutations in CEBPA were assessed by conventional Sanger sequencing.
Flow cytometric acquisition and analysis of NKRLs on bone marrow blasts
Cryopreserved bone marrow samples were thawed and stained with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies) and fluorescein isothiocyanate-, phycoerythrin-, phycoerythrin-Cychrome 7-, PerCP Cychrome5.5-, allophycocyanin-, and allophycocyanin Cychrome 7-conjugated antibodies directed to human CD45, CD33, CD34, MICA, MICB, CD155, CD112, ULBP1, ULBP2/5/ 6, HLA class I, PD-L1, and PD-L2 (BD Biosciences) to analyze the expression of NKRLs on AML blasts. Samples were fixed in 2% paraformaldehyde and analyzed using an LSRFortessa flow cytometer (BD Biosciences) and Flow Jo software (Tree Star Inc). Surface expression of NKRLs was measured by the relative fluorescence intensity (RFI) of the ligands on AML blasts compared with unstained controls.
Statistical analysis
Overall survival (OS) and relapse-free survival (RFS) were calculated from the time of AML diagnosis using the Kaplan-Meier method. For patients who achieved complete remission (CR), cumulative incidence of relapse (CIR) was calculated from the time of diagnosis with nonrelapse mortality considered as a competing risk. Patient outcomes were censored at the time of alloHSCT. Cox regression was used to investigate relationships between NKRL expression and OS and RFS. Gray's test was used to evaluate associations with CIR. NKRL scores were combined with cytogenetic risk and ELN groups in bivariable models for associations with OS, RFS, and CIR. Differences in baseline characteristics between patient subgroups were assessed using Fisher's exact test. Significance level was set at a , 0.05. Statistical analyses were performed using R v3.1.0 (Comprehensive R Archive Network Project).
Results
Baseline patient characteristics
Patient characteristics are summarized in Table 1 . Median age at diagnosis was 56 years (range 16-78 years). Seven patients had favorable cytogenetics (10.6%); 46 patients had intermediate cytogenetics (69.7%), and 13 patients unfavorable cytogenetics (19.7%). The molecular mutation pattern was determined to further stratify patients according to the last ELN criteria. The most common mutations were NPM1 (33%), FLT3-internal tandem duplication (30%), and DNMT3A (18%). Twelve out of 66 patients simultaneously harbored NPM1 and FLT3-ITD mutations, and 4 of them were also mutated for DNMT3A. All other mutations (among which RUNX1, ASXL1, TP53) were less frequent (,20% of positive patients). Interestingly, the mutational status could "upgrade" 13 
AML cells express variable levels of NKRLs
Among the NKRLs examined, MICA, MICB, CD155, CD112, ULBP1, and ULBP2/5/6 are known to confer an activating signal to NK cells, and HLA class I, PD-L1, and PD-L2 are known to inhibit NK cell function. We observed that these NKRLs were variably expressed on AML blasts ( Figure 1A ). Among activating ligands, MICA, CD112, and ULBP1 were frequently expressed by AML blasts (78.8%, 80.3%, and 81.8% of patients, respectively) and also displayed the highest intensity of expression (median RFI of 3, 4.2, and 6.5, respectively). All patients expressed HLA class I molecules at intermediate or high levels at diagnosis (median RFI 18.6), whereas PD-L2 expression on blasts was more frequent (77.3% patients PD-L2 positive vs 25.8% PD-L1 positive) and expressed to a higher intensity compared with PD-L1 (median PD-L2 RFI 3.6 vs PD-L1 RFI 1.3). There was also significant variation in the number of NKRLs expressed by AML blasts from each patient, with some patients demonstrating an absence of most NKRLs (representative example in Figure 1B ) and others showing a broad ligand expression profile (representative example in Figure 1C ). Interestingly, in some cases where distinct immunophenotypic subclones of blasts coexisted in the same patient (ie, CD33 pos CD34 pos and CD33 pos CD34 dim ), there were differences in the NKRL expression in the separate blast subpopulations (representative flow cytometry plots in Figure 1D ).
In order to categorize single RFI values, an RFI score ranging from 0 to 2 was calculated for each ligand as follows: samples with RFI , 2 (ie, less than twofold increase of median fluorescence above background) were considered negative and assigned score 0; samples with an RFI value between 2 and the third quartile were assigned score 1; samples with RFI equal to or above the third quartile were assigned score 2. Figure 1E represents the distribution of patients according to the RFI score for each NKRL and summarizes the aforementioned differences in the individual ligand expression profile.
The intensity of ULBP1 expression significantly correlates with patient outcome
As already mentioned above, the NKG2D activating ligand ULBP1 was frequently positive on AML blasts, with 41 out of 66 patients expressing it at intermediate levels (mean RFI 6.2) and 13 patients showing a high-intensity ligand expression (mean RFI 37.2). Furthermore, the expression of ULBP1 was significantly associated with improved outcome (Figure 2 ). When compared with patients with AML that did not express ULBP1, patients with ULBP1-positive blasts had better 2-year OS (51.4% vs 11.4%; P , .05), RFS (42.5% vs 10.0%; P , .05), and reduced 2-year CIR (44.1% vs 78.6%; P , .005) ( Figure 2 ). In addition, the intensity of ULBP1 expression was significantly associated with better OS, RFS, and CIR in a stepwise was calculated for each ligand as follows: (1) samples with RFI ,2 (ie, less than twofold increase of median fluorescence above background) were considered negative and assigned score 0; (2) Samples with an RFI value between 2 and the III quartile were assigned score 1; (3) Samples with RFI equal to or above the III quartile were assigned score 2. Panel E represents the distribution of patients according to the RFI score for each NKRL. fashion: patients with the highest ULBP1 expression had a reduced hazard ratio of death (HR, 0.22; P , .05) or relapse (HR, 0.18; P , .05) compared with nonexpressing patients (supplemental Figure 1 ). ULBP1 positivity remained significantly associated with reduced relapse incidence when taking into account cytogenetic group (HR, 0.38; P , .05). There was a trend toward reduced relapse risk in patients with ULBP1-positive blasts when taking into account ELN classification; however, this was not statistically significant. All other individually analyzed ligands were not significantly associated with patients' outcome with the exception of PD-L1, whose expression on leukemic blasts was unexpectedly found to be directly correlated with a lower CIR (HR, 0.39; P 5 .04), although without significant impact on OS or RFS (supplemental Table 1 ). The reduced incidence of relapse in PD-L1 expressing patients may be accounted for by lower incidence of adverse cytogenetic and molecular profiles in this subgroup (adverse cytogenetics 0% in PD-L1-positive patients vs 16% in PD-L1-negative patients; adverse ELN group 20% in PD-L1-positive patients vs 42% in PD-L1-negative patients).
Flow cytometry net score enables patient stratification
Once each patient was assigned an RFI score according to the levels of expression of a given NKRL, a flow cytometry net score including all 9 analyzed ligands was calculated for each patient as the sum of each activating ligand RFI score minus the sum of each inhibitory ligand RFI score (Figure 3 ). The flow net scores for the whole cohort followed a Gaussian distribution within a range from 22 (ie, highly inhibitory expression pattern) to 8 (ie, highly activating expression pattern) and centered on a flow net score of 1. The entire cohort was therefore divided into 2 groups: (1) Group 0 (G0), including subjects with score from 22 to 1, and (2) Group 1 (G1) comprising patients with scores from 2 to 8. Patients in G0 and G1 were well matched for age at diagnosis, cytogenetics, and molecular risk profile (Table 1) .
Activating NKRLs are associated with improved survival and reduced AML relapse
We assessed the impact of NKRL overall score (G0 vs G1 as described above) on patient survival and relapse. The presence of the more activating overall pattern of NKRL expression (G1) was associated with improved OS (2-year OS 59.6% vs 24.4%; HR, 0.46; log rank P , .05) and RFS (2-year RFS 51.5% vs 20.8%; HR, 0.52; P , .05) and reduced CIR (2-year CIR 31.5% vs 68.2%; HR, 0.36; P , .05) compared with patients with the more inhibitory pattern of NKRL expression (G0) (Figure 4 ). On multivariate analysis, the activating G1 pattern remained significantly associated with lower relapse rate when taking into account cytogenetic risk group (P 5 .007). There was no correlation between NKRL expression and time to AML relapse.
NKRL groups stratify patients with intermediate prognosis
Current cytogenetic and molecular risk classification systems inform clinicians and patients of prognosis and also facilitate decision making regarding the need for postremission consolidation therapy, including alloHSCT (supplemental Figure 2) . We investigated if the NKRL overall score (G0 and G1) could add power to existing established cytogenetic and molecular risk systems to enhance their prognostic potential. In the intermediate cytogenetic risk cohort ( Figure 5A) 
Discussion
In our study, we described a heterogeneous expression of both activating and inhibitory NKRLs on AML blasts at diagnosis. Of the activating ligands, ULBP1, MICA, and CD112 were the most The histogram represents the distribution of patients according to their net score. A further stratification was performed in order to correlate NKRL expression to clinical outcome: patients were split into 2 homogeneous groups according to their flow cytometry net score: group 0 (G0) with score 22 to 1 and group 1 (G1) with score 2 to 8. Months 48 60
P=0.038 frequently expressed, whereas few samples were found to be positive (and with a low intensity of expression) for CD155, MICB, or ULBP2/5/6. In this cohort of patients who all received inductionremission chemotherapy with curative intent, we identified that the expression of ULBP1 was significantly associated with OS, RFS, and CIR. Furthermore, when taking into account all examined NKRLs, we showed that the balance of activating and inhibitory NKRLs expressed by AML blasts at diagnosis impacted upon survival and relapse after induction chemotherapy. Furthermore, the expression of NKRLs by AML blasts was able to stratify patients with intermediate-risk cytogenetics into 2 subgroups, with prognosis that either approximated favorable or adverse risk groups.
Several reports have previously described the expression of various NKRLs by AML blasts. We observed that leukemic blasts universally expressed HLA class I molecules at diagnosis, consistent with previous reports. 16, 17 In 1 series, loss of HLA class I antigens was noted to be more prevalent at the time of disease relapse, suggesting phenotypic evolution as a result of immunological selection pressure. 18 This selection pressure is perhaps most evident in the setting of AML relapse following haploidentical alloSCT, whereby HLA loss relapse is a well-described mechanism of evasion from the graft-versus-leukemia effect against mismatched HLA haplotypes. 19, 20 Of note, in this work, the expression of HLA class I molecules by leukemic blasts was exclusively interpreted according to its inhibitory effect on NK cells, whereas the overall influence of HLA expression on AML surveillance also encompasses its positive impact on CD8 1 cytotoxic T cells.
The expression of the immune checkpoint ligands PD-L1 and PD-L2 by AML blasts was more variable. We observed that 77% of patients had blasts expressing PD-L2 at diagnosis and 26% had blasts expressing PD-L1. Overall, 79% of patients had blasts expressing either PD-L1 or PD-L2, whereas 11% simultaneously expressed PD-L1 and PD-L2. These findings are consistent with previous observations that the PD-1 axis is frequently upregulated in AML and may contribute to immune evasion. 21 In 2 independent cohorts, PD-L1-expressing blasts were found in 18% to 25% of patients, and 33% of patients had blasts expressing PD-L2. 22, 23 The expression of PD-L1 by leukemic blasts was independent of patient age, cytogenetics, and molecular mutation profile. In our cohort, we did not observe any significant correlation between survival outcomes and expression of PD-L1 or PD-L2 by AML blasts. This is consistent with disappointing clinical responses to single-agent PD-1 inhibition in AML. 24 When considering the PD-1 axis, it is pertinent to note that the focus of preclinical and clinical investigation has centered upon its role in inhibiting CD8 1 T-cell antitumor responses. Although a subset of mature CD56 dim NK cells that express the PD-1 receptor is functionally impaired, and its antitumor activity may be partially restored upon inhibition of PD-1/ PD-L1, it is likely that the inhibitory effect of PD-1 signaling on NK cells is outweighed by other activating or inhibitory signals. 25 Of the activating NKRLs, ULBP1 expression was identified on AML blasts in 82% of patients, including 20% of patients with very high levels of expression. ULBPs are a family of major histocompatibility complex class I-related molecules expressed on the cell surface by a glycosylphosphatidylinositol anchor. ULBPs bind to the activating NKG2D receptor and deliver a positive signal for NK cell activation and cytotoxicity. 26 The ULBPs were first investigated in the context of cytomegalovirus evasion from NK cell-mediated attack, whereby virus shedding of soluble UL16 binds to ULBPs and inhibits delivery of an activating signal to NK cells. 26 ULBPs (in particular, ULBP1 and ULBP2) are expressed by colon, cervical and ovarian carcinoma, and lymphoma cell lines and contribute to endogenous NK cell-mediated immunoediting through interaction with the NKG2D receptor. 27 In addition, the strength of the cytotoxic signal delivered via the NKG2D receptor is dependent on the density of ligand (eg, ULBP) expression on target cells in in vitro cytolytic assays. 28 In our cohort, the expression of ULBP1 by AML blasts conferred a significant survival advantage due to a decreased incidence of disease relapse following induction chemotherapy. Furthermore, there was a stepwise improvement in survival and reduction in relapse with increasing intensity of ULBP1 expression, consistent with the preclinical observation that the strength of the cytotoxic signal through ULBP/NKG2D interactions is dose dependent. To our knowledge, the association between ULBP1 expression by AML blasts and clinical outcome following induction chemotherapy has not been reported. Salih et al reported that of 15 patients with AML 20% had blasts that expressed ULBP1. 29 In a separate cohort, Nowbakht and coworkers reported that 7 out of 30 (23%) patients with AML had increased ULBP1 expression compared with progenitor cells of healthy donors. 30 Increased expression of ULBP1 was associated with an increase in the susceptibility of AML blasts to NK cell-mediated cytolysis in vitro. 30 Therefore, our findings are consistent with and contribute to preclinical and in vitro data that ULBP1/NKG2D interactions deliver a potent NK cell activation and cytotoxic signal that can impact the prognosis of patients with AML. Evidence for this mechanism may be further explored by in vitro functional experiments, gene expression evaluation, and ligand-receptor engagement disruption assays.
Tumor cell targets may simultaneously express both activating and inhibitory NKRLs, and the integration and relative potency of these signals determine the eventual posture of NK cells toward either elimination or tolerance. 31 For example, cell lines with low expression of ligands for the activating receptor NKp30 may still undergo NK-mediated cytolysis if they express MICA or ULBP, which interact with NKG2D. 32 Furthermore, the NKG2D-mediated NK cell activation is abrogated by inhibitory KIR signaling. In an ovarian carcinoma cell line that expressed NKG2D ligands, clones with high expression of HLA-Bw4 were protected from NK cell-mediated cytolysis, and blockade of HLA-Bw4/KIR interaction restored susceptibility to NK cell-mediated attack. 32 In our study, in order to reflect the combinatorial effect of multiple NKRLs, we summed the expression of all ligands examined into an overall score to reflect either an overall activating or an inhibitory NKRL phenotype on AML blasts. The presence of a more activating pattern of NKRLs was associated with a reduced rate of AML relapse following induction chemotherapy, resulting in improved OS and RFS. This result is consistent with the aforementioned findings integrating multiple NK cell signals in vitro, but has not previously been reported in clinical cohorts.
Our observations may have 2 main clinical applications. First, the expression of NKRLs may represent a novel prognostic tool for patients with newly diagnosed AML, in particular with patients with intermediate-risk cytogenetics. Patients with intermediate cytogenetics AML demonstrating an activating pattern of NKRLs had a significantly better survival compared with patients with an inhibitory NKRL pattern, whose prognosis approached that of the group with adverse cytogenetic risk. We did not observe any difference in survival outcomes according to NKRL phenotype in patients with either favorable or adverse risk cytogenetics, possibly due to the smaller sample size in these subgroups or alternatively because the impact of karyotype may have significantly outweighed NKRL phenotype. Our observation requires confirmation in an independent, larger cohort prior to practical application.
The second implication of our study is that it suggests that maintenance strategies to enhance NK cell activity following achievement of remission may reduce AML relapse. Indeed, the graft-versus-leukemia effect following alloHSCT is in part mediated by alloreactive NK cells, as evidenced by the benefit of KIR mismatch in haploidentical transplants first reported by the Perugia group and also more recently by demonstration that a higher number of infused donor NK cells is associated with improved RFS after T cell-depleted alloHSCT. 5, 33 However, a significant proportion of AML patients are unable to proceed to alloHSCT following remission induction therapy due to either comorbidity or lack of a suitable donor. In these patients, alternative strategies to enhance endogenous NK cell-mediated immune surveillance are required. A phase 3 clinical trial using low-dose interleukin-2 combined with histamine dihydrochloride as maintenance therapy for AML demonstrated improved leukemia-free survival compared with no maintenance, an effect that was associated with peripheral blood NK cell expansion and upregulation of the activating natural cytotoxicity receptors NKp30 and NKp46, suggesting that NK cell activation against AML likely contributed to the observed survival benefit. 34, 35 Our results suggest that an alternative approach to prevent AML relapse may be to therapeutically enhance the expression of activating NKRLs on residual AML blasts or to reduce inhibitory NKRL signaling, thereby swaying the balance of NK cell signaling toward a more activating pattern. Rohner and coworkers reported that azacitidine upregulated ULBP1 expression on AML H60 blasts when used in combination with interferon-g, resulting in improved sensitivity to NK-mediated killing via NKG2D signaling. 36 Other strategies purported to enhance NKG2D ligand expression on tumor cells include bromodomain and extraterminal protein inhibition, heat shock protein-90 inhibitors, and histone deacetylase inhibitors. 3, 37, 38 In addition, the use of these agents while simultaneously counteracting inhibitory NK cell signaling (eg, blockade of PD-1/PD-L1, anti-KIR, targeting of CD96/TIGIT to allow a preferential signaling through the activating receptor CD226) forms a logical combination strategy to further augment NK cell-mediated eradication of residual AML.
In conclusion, our study provides clinical evidence for the role of NK cell-mediated immunoediting against AML, determined by the differential expression of NKRLs on AML blasts at diagnosis. We have identified that the presence and intensity of ULBP1 expression are associated with AML prognosis. Furthermore, an overall activating phenotype of NKRLs is associated with improved survival following induction chemotherapy. Combination strategies to enhance NK cell activation warrant further investigation in the ongoing battle against AML.
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